The current work is focused on the characterization of the chromium(III)-containing lowmolecular-weight (LMW) fractions of blood serum by mass spectrometry. The LMW fractions of serum binding-Cr(III) were collected by organic solvent precipitation using acetonitrile. The chromium(III) compounds used were [Cr(pic) 
INTRODUCTION
The major factor that causes Cr(III) to be regarded as an essential element is its purported function in carbohydrate and lipid metabolism through its interaction with insulin [1] [2] [3] [4] . However, the acceptance of Cr(III) as an essential element for humans and animals is now widely controversial since specific chemical mechanisms and the biologically active form by which Cr(III) carries out its insulin potentiating activities has not been found yet [5, 6] . Considering the widespread and frequent use of Cr(III) nutritional supplements, and also some findings that indicated potential toxic effects of consuming [Cr(pic) 3 ], information is inconclusive regarding its biological functions and its speciation in biological fluids. Additionally, the low levels of Cr in humans and animals has meant that little is known about naturally occurring Cr speciation [7] . It is, therefore, the speciation of metal ion in biological systems has been conducted to reveal the biological essentiality or toxicity of the element of interest [8] [9] [10] .
Several studies on the reactions of Cr(III) complexes with biomolecules have discovered that this oxidation state is mainly bound to transferrin and albumin, the most abundant proteins in blood serum [11, 12] . A recent study indicated that both [Cr(pic) 3 + , are able to bind to transferrin and albumin; and to an unidentified low-molecular-weight Cr binding-substance in serum fractions [13] .
The high sensitivity and mass accuracy of ESMS (electrospray ionization mass spectrometry), together with the speed of the analyses makes it a technique of choice for protein and peptide sequencing, using methodology referred to as tandem mass spectrometry (MS/MS) [14] . In tandem mass spectrometry, two stages of mass analysis are used to detect secondary fragment ions that are formed from a particular precursor ion [15] .Therefore, ESMS, and particularly MS/MS, can be applied to study speciation of Cr(III) in biological fluids.
About 10,000 different proteins are thought to exist in blood serum, most of which are present at very low relative abundances [16] . The protein content of serum is dominated by highly abundant proteins, including albumin, transferrin, immunoglobulins, and lipoproteins ( Figure 1.2) , which constitute 99% of the protein content of serum [17] . Only 1% of the entire protein content is of great interest in proteomic studies [17] . Consequently, the first essential step in trace element speciation studies in serum is the separation of high molecular mass (HMM) and low molecular mass (LMM) fractions. The effective method proposed to remove large abundant proteins, without loss of the molecules of interest, is the precipitation of abundant proteins with organic solvents [18] . A study by Merrel and co-workers [19] revealed that acetonitrile precipitation is a superior method to remove serum albumin and immunoglobulin, since acetonitrile not only precipitated large proteins, but also allowed the low-abundance proteins to dissociate, enabling them to be identified by LC-MS.
Results of the past work showed that Cr(III) complexes used as nutritional supplements can bind both high-and low-molecular-weight substances of serum, and the distribution of Cr(III) within serum was time-dependent [13] . While the high-molecularweight fractions associated with Cr(III) were albumin and transferrin, the most abundant proteins in serum, identification of the low-molecular-weight fractions has proven to be a demanding task [13] . For these reasons, the current work concentrates on the investigation of LMW binding Cr(III) formed in serum during the reactions with Cr(III) nutritional supplements (used for their purported anti-diabetic activity), using mass spectrometry technique. The LMW serum fractions were collected using acetonitrile precipitation. The Cr(III) nutritional supplements used in this work were Cr(III) picolinate, [Cr(pic) 3 ]·H 2 O (pic = 2-pyridinecarboxylato()) (A), the most popular Cr(III) nutritional supplement and the second largest-selling metal supplement after calcium supplements in the United States [20] (Fig. 1) [21] . 
EXPERIMENT

Chemicals and Instrumentation
All reagents of analytical or higher purity grade were purchased from Merck or Sigma-Aldrich and were used as received: HCl (37% aqueous solution), HNO 3 (trace pure, 65% w/w in H 2 O), NaOH (99.9%), NH 4 OAc, Na 2 Cr 2 O 7 , acetonitrile (MeCN), picolinic acid (pyridine-2-carboxylic acid, picH), and ethanol. Water was purified using the Milli-Q technique.
The commercial calf serum was purchased from Invitrogen. [22, 23] , characterized by I. Mulyani [24] , their identities were confirmed by elemental analyes.
The instruments used in this study were a LCQ electrospray mass spectrometer (Finnigan, San Jose, CA, USA), and a Varian SpectrAA20 spectrometer with a GTA 96 graphite tube atomizer for performing AAS.
Procedure reaction
A stock solution of B in H 2 O ([Cr] = 100 mM) was prepared immediately before the experiments. Due to the low solubility of A, its solutions in blood serum were prepared by sonication (~10 min at 50 W and 298 K), and undissolved solid was removed by centrifugation (~10 min at 10,000 rpm and 298 K). The total concentration of Cr in the saturated solutions of A and B in aqueous buffer or blood serum were determined by atomic absorption spectroscopy. The results were: concentrations of A = 1.0 mM and B = 0.3 mM.
The separation methods were adapted from Ref. [19] . Calf serum was diluted with an equal volume of buffer (0.10 M NH 4 OAc, pH 7.2). High-molecular-weight (HMW) fractions were then precipitated by the addition of three volumes of acetonitrile. Samples were centrifuged at 10,000 rpm for 30 min and stored at 4°C overnight. The collected supernatants were separated and concentrated through freeze-drying at 217 K and 0.5 mbar for 24-48 h for further analysis. The same procedures were applied to a sample of blood serum spiked with Cr(III) compounds (A or B), then were incubated for 1 and 24 h, at 310 K.
The mass spectrometry analysis was conducted with the freeze-dried samples. The samples were first freeze-dried at 217 K and 0.5 mbar for 24 -48 h. The freeze-dried samples were re-dissolved in a minimal amount of methanol:water (1:1, v/v). Buffer solution (0.10 M NH 4 OAc) were also spiked with samples A and B, their mass spectra were also recorded as comparison with serum samples spiked with A and B.
The solutions to be analyzed (~20 L) were injected into a flow of methanol:water (1:1, v/v, flow rate 0.05 mL min 1 ). Typical experiment settings were as follows: sheath gas (N 2 ) pressure, 50 psi; spray voltage, 4.5 kV; capillary temperature, 300 K; cone voltage, 39 V; tube lens offset, 15 V; m/z range, 150-2000 (both in the positive-and negative-ion modes; no significant signals were detected in the latter mode). The acquired spectra were the averages of 10 scans. MS/MS spectra were collected using collision cell voltages from 25 V to 35 V. Simulations of the mass spectra were performed using IsoPro software [25] .
RESULT AND DISCUSSION
The Cr(III)-binding LMW serum fractions were isolated using acetonitrile precipitation, as this technique was effective in removing high-molecular-weight (HMW) components of blood serum. The resultant supernatants were freeze-dried and re-dissolved in a minimal amount of Typical ESMS spectra for the supernatants of serum spiked with A or B from acetonitrile precipitation are presented in Figure 2 . The ESMS data for the low-molecularweight serum fractions showed two distinct signals, labelled as S1 and S2. The S1 and S2 signals showed major peaks at +518, +546 (S1), +782, and +810 m/z (S2). The difference in m/z values for both set of peaks in S1 and S2 are 28. This difference is likely to attribute to two methylene units from the alkyl side chain from the amino acid(s) residues. Assignments of these signals were predicted using IsoPro software [26] , and is presented in Table 1 . The simulation of isotopic distribution also was performed using IsoPro software [26] , and the experimental high-resolution mass spectra for these signals, S1 and S2, confirmed the prediction (Fig. 3) . 
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There were new signals detected after serum was spiked with either A or B for various incubation times (S3). The new ESMS signals showed major peaks at m/z +1083, +1099, and +1115, with a m/z shift of 16 . This shift suggests an extra oxygen atom, and/or -NH 2 species from amino acid(s) residues. The difference values between S2 and S3 are likely to be due to Cr binding. Unfortunately, the S3 peaks could not be reproduced in highresolution mass spectra, probably due to the cleavage of Cr ions. It should be noted that peaks at the S3 signal have different intensities. The highest intensity was shown for the m/z +1099, while the intensity for +1083 and +1115 were approximately equal. In order to characterize signals in S3, ESMS spectra at the narrow scan range were attempted. The zoom spectrum of S3 (Fig. 4) revealed that the major peaks may contain several Cr atoms. Thus, simulations of isotopic distribution of one of the major peaks (at m/z +1115) were performed with variation in numbers of Cr atoms, as shown in Fig. 5 . The results showed that S3 was likely to be composed of four atoms of Cr, which are bound to low-molecular-weight serum species with bridging ligands. Additionally, it was observed that the Cr complexes were singly charged, as the satellite peaks were approximately 1 unit apart. These analyses were consistent with a similar tetranuclear Cr binding motif as that postulated for chromodulin, a purported biologically active form of Cr(III) [26] . However, there are differences between these two biomolecules. From the mass spectrometry, the new Cr-containing biomolecules are likely to be cationic, while chromodulin is anionic [26] . In addition, the molecular masses of the two complexes are significantly different; chromodulin has been reported to have a molecular mass of around 1500 Da [26] . Tandem mass spectrometry was performed for peaks of interest for Cr speciation, in order to understand the fragmentation of those particular ions. Therefore, the MS/MS analysis was carried out for ESMS results for S3 signals. However, since the low-molecular-weight components of serum obtained from the acetonitrile extraction method contained a mixture of species, amino acid sequencing efforts were not conducted in this work.
Nevertheless, fragmentation of the Cr-containing species responsible for the peak at m/z +1084 in signal S3 resulted in only one single peak +1081.7 (Fig. 6a) . The differences in the fragment ion and the parent ion could be due to the loss of 2 H atoms during fragmentation. The parent peaks and two distinct fragmentation peaks were obtained from the species with m/z +1099, +1097.7, +1038.7, and +981.5, with a difference of ~60, showing the possibility of fragment loss of (CH 3 COO), as illustrated in Fig. 6b . Another possibility is the ~60 Da species could be assigned as acetate or a fragment of citrate. In a study of the application of ESI MS/MS for the speciation of alkaloids in biological media, the loss of ~60 (CH 3 COO) and ~18 (H 2 O) are the most common fragmentation pathways [27] . However, the presence of a fragment ion at m/z +865.3 shows that fragmentation still continued. Fragmentation of the species responsible for the m/z +1115 peak resulted in the parent peak and two main fragmentation peaks at m/z +1112.9, +1053.9, and +810.7 (Fig. 6c) . The first two peaks differ in m/z by ~60, which showed the same fragmentation pattern as the peak at m/z +1099. Mass spectrometry analysis were also performed on A or B in aqueous NH 4 OAc buffer (0.10 M, pH 7.4), after the mixture was treated with acetonitrile for 1-24 h at 310 K. The ESMS signals obtained from those samples are presented in Figures 7 and 8 . The results were in agreement with previous work [24] , which used ESMS to study the stability of A and B in aqueous NH 4 OAc buffer solutions. No major signals corresponding to S3 in Fig. 2 were detected in the absence of serum supernatants, which confirms that these signals were due to Cr(III)-binding to serum components.
The ESMS data for the solution containing A at the beginning of the reaction (1 h, 310 K) or after further reaction (24 h, 310 K) showed major ions at +419, +441, +714, and +858, m/z, corresponding to [Cr(pic) 3 Table 2 . Some of the major peaks at Sa and Sb are overlapped. 
Table 2
Assignment of the major ESMS signals for B in buffer solution (0.10 M NH 4 OAc, pH 7.2) reacted with acetonitrile
